Background Use of the anticoagulant EDTA, in high-concentration liquid form, in blood collection tubes can lead to cross-contamination of routine biochemistry specimens.
Introduction
Potassium-containing salts of EDTA are widely used and recommended as blood anticoagulants for cell counting and sizing in haematology laboratories. The optimum EDTA concentration is 4¢55 mmol per litre of blood. 1 There are two main mechanisms whereby cross-contamination with biochemistry specimens can occur. In the ¢rst, additive-containing blood is decanted from one container into the one required for subsequent potassium analysis, and may lead to quite gross and more obvious errors. The second, and much more important, mechanism is caused by droplet transfer of liquid anticoagulant or preservative, via a syringe tip, from one container to another. 2, 3 This latter mechanism can be more subtle and, if potassium-containing additives are present, may indicate credible hyperkalaemia that apparently requires urgent medical intervention.
In recent years this laboratory has introduced a new blood collection system (Monovette 1 , Sarstedt Ltd, Leicester, UK) which uses liquid tri-potassium EDTA as anticoagulant in full blood count testing, liquid sodium EDTA in combination with potassium £uoride as specimen anticoagulant/preservative for subsequent glucose analysis, and lithium heparin plasma for routine biochemical analysis. As previously noted by others, 2,3 following the introduction of this system there appeared to be an increased frequency of cases of artefactual elevation in plasma potassium concentration, sometimes associated with a reduction in plasma calcium concentration. This paper describes the initial attempts to identify, quantify and verify this type of error. In addition, the e¡ects of such cross-contamination were investigated in a wide variety of clinical biochemistry tests. measurement of apparent calcium concentration using an o-cresolphthalein complexone (OCPC) dyebinding method.
Human-derived EDTA-free lyophilized quality control (QC) serum (cat no S258-210) was used as the base material for some of the experiments to be described, and was obtained from the Scottish Antibody Production Unit, Law Hospital, Scotland (now Diagnostics Scotland, Edinburgh). The e¡ects of the presence of EDTA in the sample on our analytical methods was assessed using this human-based QC serum diluted nine parts serum to one part of various EDTA-containing solutions. The ¢nal EDTA concentrations in these samples ranged from zero to 5¢0 mmol/ L at increments of 0¢5 mmol/ L.The analyses were performed within 20 min of the addition of EDTA, and then again after 72 h refrigerated storage at 48C. For a given analyte, a bidirectional percentage change in a result was considered to be signi¢cantly di¡erent (P50¢05) from that of the zero EDTA sample at 20 min at a critical di¡erence which exceeded (2¢776CV)%, where CV was the coe¤cient of variation for each analyte obtaining for the human-based QC material employed. A brief description of the principles of each of the methods and their critical di¡erences at the levels of concentration obtaining for the QC serum utilized in the present study are given in Table 1 .
Results

Calcium as surrogate marker for the presence of EDTA
There was a relatively linear, negative stoichiometric relationship obtaining between EDTA and apparent calcium concentration for the QC serum described above. In this serum, EDTA concentration approximated to a value of (2¢47calcium) mmol/ L ( Fig. 1 ).
Source of potassium EDTA contamination of patients' plasma
The relationship between the measured plasma potassium and calcium concentrations for 257 lithium heparin patient specimens, suspected of being contaminated on the basis of a combination of apparent hyperkalaemia (potassium 45 ¢6 mmol/L) and hypocalcaemia (calcium 42¢0 mmol/ L), is shown in Fig. 2 . This suggests that there are two lines of di¡ering slope, and hence separate sources of potassium EDTA contamination. By assuming an average normal plasma potassium concentration to be 4¢0 mmol/ L and calculating the likely EDTA concentration as above, it can be seen that the majority of the suspect specimens lie along the lower line, approximately equivalent to an excess potassium / EDTA molar ratio of 3:1, and hence are likely to be contaminated with tri-potassium EDTA anticoagulant from a full blood count type of specimen tube. The upper line, on the other hand, which is considerably less well populated, shows a ratio of more than 10:1. The contaminating source in these latter cases is presumed to be the liquid EDTA and potassium £uoride additives present in blood tubes used in this system for glucose analysis.
Veri cation of EDTA cross-contamination of patients' plasma
In a limited number of cases, veri¢cation of EDTA contamination was sought by comparing the calcium results by OCPC with those obtained using a method that is una¡ected by the presence of the anticoagulant. For example, over a 5-month period, 43 suspect patients' samples with a mean plasma potassium of 6¢5 (range 5¢5^10¢4) mmol/ L and a mean calcium by OCPC of 1¢70 (range 0¢85^2¢21) mmol/ L were submitted to the regional Trace Element Unit at Glasgow Royal In¢rmary for additional calcium analysis by inductively coupled plasma atomic emission spectroscopy (ICPAES). The mean di¡erence for the calcium results (i.e. ICPAES7OCPC) was 0¢56 mmol/ L (range 0¢21^1¢49 mmol/ L). A repeat lithium heparin blood specimen for potassium analysis, obtained within 24 h of the suspect one, was available for 28 of these patients. These showed a mean di¡erence for potassium (i.e. suspect specimen minus repeat specimen) of 2 ¢ 3 (range 0 ¢ 45 ¢ 3) mmol/ L.
Effects on quality control serum of 72 h refrigerated storage alone
Some analytes showed no e¡ect at 5 ¢ 0 mmol/ L EDTA (maximum variation less than +3%) but were a¡ected by 72 h refrigerated storage in the absence of EDTA. These were cholesterol (+7¢7%), HDL-cholesterol (711¢1%), urate (78¢3%) and urea (+8¢9%). Also in the absence of EDTA, bilirubin was decreased from a value of 44 mmol/L to 11 mmol/L, and creatine kinase from 134 U/L to 33 U/L over 72 h, which represented relative reductions of 775 ¢0% and 775 ¢4%, respectively (see Table 1 ).
Effects of EDTA in quality control serum on analytical methods
There were no obvious e¡ects of sample EDTA concentration, with or without storage, on analyses for albumin, chloride, g-glutamyltransferase (gGT), iron, phosphate, sodium, total protein or triglyceride. For example, maximum variation of any of these results in the 5¢0 mmol/ L EDTA sample after 72 h storage from that of the zero EDTA sample at 20 min was less than 5% (range 74 ¢3% to +3¢5%) (seeTable 1).
Calcium, magnesium, UIBC and potassium
The analytes that were most a¡ected by the presence of EDTA but little a¡ected by storage in its absence were calcium (7100%), magnesium (7100%) and unsaturated iron-binding capacity (UIBC) (+334¢8%), as shown in Fig. 3 . The potassium concentration linearly re£ected the amount of potassium EDTA added.
Bicarbonate
The e¡ect on bicarbonate was more di¤cult to interpret. In the absence of EDTA, 72 h storage resulted in an insigni¢cant decrease from 18 to 17 mmol/ L. However, in the presence of 5 ¢ 0 mmol/ L EDTA, both before and after refrigerated storage, the measured bicarbonate concentration had decreased to a value of 15 mmol/ L in each case, a reduction of 16¢7%. An e¡ect of EDTA on the bicarbonate assay was further investigated by examining a group of samples from 10 patients from whom a repeat specimen was available. Each had an initial calcium concentration, by OCPC, of 0 mmol/ L. The mean potassium was 32 mmol/ L (range 12¢6^69¢6 mmol/ L) and mean bicarbonate was 21¢9 mmol/ L (range 14^34 mmol/ L). Repeat specimens from these 10 patients showed a mean potassium of 3¢6 mmol/ L (range 1¢7^4¢3 mmol/ L), a mean bicarbonate of 27¢5 mmol/ L (range 19^40 mmol/ L), and hence a mean di¡erence for bicarbonate between the initial and repeat specimens of 75 ¢5 mmol/ L (range 72 to 710 mmol/ L), which represents an average reduction in measured bicarbonate of 720 ¢5% (range 75 ¢7% to 734 ¢5%). Further con¢rmation of an e¡ect was obtained by analysing a series of 11 aqueous solutions, each with a bicarbonate concentration of 38 mmol/ L and ranging in EDTA concentrations from 0 to 10¢0 mmol/ L in increments of 1¢0 mmol/ L. The apparent bicarbonate concentration decreased linearly from a value of 38 mmol/ L at zero EDTA concentration down to 22 mmol/ L at an EDTA concentration of 10¢0 mmol/ L, which represents a reduction of approximately 74% per mmol/ L EDTA in the sample.
AST, ALT, LDH and CK
The e¡ects on aspartate transaminase (AST), alanine transaminase (ALT), lactate dehydrogenase (LDH) and creatine kinase (CK) are shown in Table 2 . There was a slight increment in the transaminases after 20 min in the presence of EDTA, but no e¡ect on LDH or CK. In the absence of EDTA, storage alone resulted in marked reductions in enzyme activity. However, in the presence of 5¢0 mmol/ L EDTA the storage -dependent reductions in measured activity were virtually absent for the transaminases and somewhat lessened for LDH and CK.
Alkaline phosphatase and amylase
There was no obvious e¡ect on amylase activity of 5¢0 mmol/ L EDTA in the sample after 20 min (maximum variation 74 ¢0%). In the absence of EDTA, amylase activity after 72 h refrigerated storage was within 99% of its starting value. Alkaline phosphatase, on the other hand, showed a greater reduction after 20 min at 5¢0 mmol/ L EDTA (714¢8%), and after 72 h in the absence of EDTA the activity had risen by +7¢4% above its starting value. However, after 72 h in the presence of 5¢0 mmol/L EDTA, both amylase and alkaline phosphatase showed marked reductions in their measured activities of 734 ¢3% and 770 ¢5%, respectively. The changes for alkaline phosphatase are illustrated in Fig. 4 . Amylase showed a similar pattern.
Discussion
The basic chemical structure of OCPC is similar to that of EDTA except for the presence of the large phthalein group located between the central carbon^carbon bond of the complexone, and both bind calcium in a similar fashion (for an illustration of structural formula see reference 5). Moreover, EDTA exhibits a much higher stability constant for calcium binding than does OCPC and, at alkaline pH, will readily abstract the ion from the dye. 4, 5 However, as in the presence of EDTA contamination we do not know the true calcium concentration in any given patient's sample, calcium analysis by OCPC as a surrogate marker for the presence of EDTA is only useful when cross-contamination is relatively gross, e.g. greater than, say, 0 ¢ 5 mmol/ L. This is particularly pertinent when the source of the factitious hyperkalaemia is from a glucose -type blood collection tube, where relatively small amounts of contamination may yield signi¢cant apparent hyperkalaemia for relatively small amounts of EDTA (see Fig. 2 ).
Unsaturated iron-binding capacity
In the present system, UIBC is determined directly by saturating the sample transferrin with a known but excess amount of iron at alkaline pH. The remaining unbound iron is then quanti¢ed by the ferrozine reaction, and the UIBC is determined by subtraction from the original amount of iron added. Therefore, it is interesting that the UIBC method is greatly a¡ected by the presence of sample EDTA owing to sequestration of free iron, leading to spuriously high values for UIBC ( Fig. 3) , whereas the iron method itself remains una¡ected. However, perhaps paradoxically, both methodologies are ultimately dependent on complex formation with ferrozine. Some ferrozine-based methods for serum iron determination are reported to be signi¢cantly a¡ected by the presence of EDTA, resulting in spuriously low values for iron concentration. 6^9 The answer to this apparent paradox lies in the pH at which the ferrozine reaction takes place. The e¡ective stability constant (K e¡ ) for EDTA binding to metal ions is highly pH dependent. 10 At increasingly alkaline pH, EDTA forms stable complexes with metal ions and hence will readily interfere with some complexometric methods used in the present study, such as calcium (pH 11¢1), magnesium (pH 11¢25) and UIBC (pH 9¢1). At decreasing pH, the carboxylic acid groups on EDTA become progressively less dissociated until the formation of a stable metal complex becomes unlikely. For example, K e¡ for EDTA binding to Fe 2+ in the UIBC method at pH 9¢1 is 10 13 L mol 71 , a highly stable complex, whereas that of the present iron method, pH 2, K e¡ is only 10 1 L mol 71 . 11 In methods reported as being subject to EDTA interference, the pH at which the ferrozine reaction takes place are: 7¢0 (K e¡ˆ1 0 11 L mol 71 ), and 4 ¢ 5 (K e¡ˆ1 0 7 L mol 71 ), respectively. 6, 7 Ferrozine will react with iron at low pH values, 12 thereby minimizing EDTA interference in serum iron assays. However, direct UIBC assays must be conducted at more alkaline pH in order to avoid the release of endogenous transferrin-bound iron, 13 and hence are much more likely to be subject to interference from EDTA in the sample. Manoeuvres that have been suggested to o¡set the e¡ect of EDTA are: increasing the ferrozine concentration; extending the reaction incubation time; and adding a preferentially competing ion such as zinc. 6, 9 Bicarbonate Bicarbonate was measured at pH 8¢0 by its reaction with phosphoenolpyruvate (PEP) in the presence of plant PEP carboxylase and magnesium ions to form oxaloacetate, which in turn is coupled with malate dehydrogenase and NADH. The bicarbonate concentration is quanti¢ed kinetically by measuring the rate of decrease of absorbance owing to consumption of NADH. Plant PEP carboxylase is a magnesium-dependent enzyme which exhibits a pH optimum between 8¢0 and 8¢6. 14 Published methods for bicarbonate using PEP carboxylase, by either kinetic or equilibrium modes of analysis, have employed reagent magnesium concentrations of 8¢0 or 10¢0 mmol/ L, respectively, 14, 15 whereas in the present method the ¢nal reagent magnesium concentration is only 0¢7 mmol/ L, a ¢gure which is close to its own Michaelis constant, and hence is not present at saturating concentration. 16 At low magnesium concentrations the measured reaction rate of some magnesium-requiring enzymes is dependent on the ¢nal concentration of the ion. 17 Hence the combination of a magnesium-dependent enzyme at relatively low magnesium concentration, an alkaline pH (K e¡ for EDTA-Mg 2+ˆ1 0 6¢4 L mol 71 at pH 8¢0), 11 and a kinetic mode of measurement would explain the vulnerability of this bicarbonate method to negative interference from high sample EDTA concentrations.
AST, ALT and LDH
The losses of AST, ALT and LDH activities in the absence of EDTA during 72 h refrigerated storage ( Table 2 ) are signi¢cant and exactly of the magnitude previously reported for these enzymes. 18^20 The slight increments in measured transaminase activities with EDTA present in the sample for 20 min (Table 2 ) are unlikely to be due to an activating in£uence on the reagent indicator enzymes, LDH and MDH, as they were in considerable excess compared to other recommended methods. 21, 22 AST and ALT are known to be subject to some inhibition in the presence of heavy metals, 23 and hence the stabiliz ing in£uence of EDTA is more likely to be due to a direct e¡ect on the transaminases themselves. The methods for AST and ALT recommended by the Association of Clinical Biochemists do, in fact, advocate an EDTA concentration of 5 mmol/ L in the ¢nal reaction mix in order to complex undesirable metallic ions. 24
Creatine kinase
Creatine kinase is notoriously unstable during storage, and the addition of EDTA to patients' serum has been shown to markedly improve its stability. 25 In addition, the enzyme is competitively inhibited by the presence of calcium, and, in the method employed in the present study, EDTA (2 mmol/ L) is included in the ¢nal reaction mix. 26 One of the main contributors to the instability of CK during storage of reconstituted human QC serum is the e¡ect of light. 27 In the absence of protection, even the small periods of daylight to which samples may be subjected around the time of analysis can result in the large decreases in activity exhibited in the present study. 28 The mechanism of inactivation is likely to be a photo-oxidative process which is dependent, to some extent, on the concentration of bilirubin in the sample. 29 However, as can be seen in Table 2 , EDTA is unable to o¡set signi¢cantly the marked reductions in CK activity exhibited during 72 h refrigerated storage.
Alkaline phosphatase and amylase
The slight increment (+7¢4%) in alkaline phosphatase activity observed after 72 h refrigeration in the absence of EDTA is a well documented phenomenon exhibited by lyophilized human-based QC serum following reconstitution, and has been reviewed elsewhere. 30 Alkaline phosphatases are zinc-containing metalloenzymes. 31 Preincubation of sample in the presence of EDTA leads to a pH-, temperature-and time-dependent irreversible inactivation of enzyme activity, which is thought to be due to the removal of functionally essential zinc atoms. 32 Moreover, the rate of decay of activity during preincubation increases with increasing EDTA concentration, 32 and would explain the di¡erence between the two curves (see Fig. 4 ) obtained for exactly the same samples when alkaline phosphatase is measured before and after a 72 h storage period. Hence, for EDTA-contaminated patients' samples, the measured alkaline phosphatase activity will be an interdependent function of the time and temperature of prior storage as well as the actual EDTA concentration. Similarly, amylase is a calcium-containing metalloenzyme whose activity may be inhibited in a time-dependent manner by preincubating sample in the presence of EDTA. 33 Loss of activity by the action of EDTA may take several hours and is associated with removal of essential calcium from the enzyme molecule. 34, 35 The measured activity has been observed to decrease with increasing sample EDTA concentration. 36 Hence, as with alkaline phosphatase, the ¢nal result obtained for amylase activity in EDTAcontaminated samples is dependent on more than one factor.
Conclusion
Hyperkalaemia can be a medical emergency requiring urgent identi¢cation and treatment in order to avoid impending cardiac arrest, 37 and so it is important that clinical biochemists consider the possibility of subtle specimen contamination with potassium-EDTA anticoagulant prior to issuing of results. However, other e¡ects of sample contamination with potassium-EDTAwhich are much more di¤cult to identify are the masking of true hypokalaemia or hypercalcaemia, thereby delaying proper diagnosis and treatment. In some cases true hypokalaemia may even appear as an apparently signi¢cant hyperkalaemia, which in unsuspecting hands may result in the initiation of potassium-lowering therapy in an already hypokalaemic individual, with the potential for disastrous consequences. The current readily available method of identi¢cation of EDTA in specimens is by additional dye-binding calcium analysis. It is indirect, insensitive, time-consuming and, particularly for low-level contamination, requires a high degree of suspicion on the part of the clinical biochemist. Given the range of e¡ects of EDTA on analytical methods, some of which may lead to clinical misinterpretation, a need exists for a rapid, sensitive and speci¢c method for the measurement of EDTA itself.
